collision complex undergoes a curve crossing to the (a 32+) state,34 which then dissociates to O(3P) + N2(X12i). We must emphasize, however, that the presence of this channel is only inferred in our experiments by the excess of the CO yield over the NzO yield and the lack of any likely secondary reactions for CO formation. Direct detection of oxygen atoms formed in this product channel would be a useful complement to our studies.
Introduction
Zeolites are microporous aluminosilicates that can act as shape-selective catalysts. If, in addition to the acidic properties of the zeolite, a catalytically active species is introduced in the pore system, e.g., in the form of a highly dispersed metal, bifunctional catalysts are obtained.'-* Upon introduction of gallium in H(A1)ZSMS zeolites, very suitable catalysts for the aromatization of small alkanes can be ~r e p a r e d .~,~ Due to the shapeselective properties of the HZSM5 framework, mainly small aromatics are formed (benzene, toluene, and xylenes), and deactivation by coke formation is relatively slow, as no polyaromatics can be formed.
The gallium can be introduced by physically mixing Ga2O3 powder (specific surface area 5 mz/g) with the zeolite or by impregnation of the zeolite with a solution of a gallium salt, followed by calcination. Both physical mixing and the impregnation method, however, yield deposition of the gallium oxide on the outer surface of the zeolite particles, as for the latter method the large size of the hydrated gallium ion hinders penetration into the zeolite pores. As a consequence, shape-selective restrictions for the reaction exist to a much lesser extent on these catalysts, and the formation of polyaromatics is facilitated. As such compounds can act as coke precursors, strongly enhanced deactivation occurs.
Another way to introduce trivalent ions like gallium is isomorphous substitution in the framework, replacing the aluminum by gallium in the stage of zeolite synthesi~.~f' This method has also been applied to other trivalent ions such as boron, iron, etc.'
f Eindhoven University of Technology. *University of Nijmegen.
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From NH3 temperature-programmed desorption and IR measurements, it has been shown that replacement of aluminum by gallium in H(Al)ZSM5 gives zeolites with a reduced framework acidity.' In this way, zeolites with varying acidities can be prepared, changing the activities for acid-catalyzed reactions.
The catalytic properties of the gallosilicates have been extensively studied, but there is a paucity of data regarding the physical characterization of the materials, notably with respect to the thermal and hydrothermal stabilities. Application of techniques such as XRD, IR, and chemical analysis (AAS) can provide information about changes in structure and composition of the catalyst after certain treatments but do not offer the possibility of distinguishing between framework gallium and extraframework gallium. One of the techniques that can give important information about the S U K O U C~~~~S and coordination of different atoms in the framework is MAS N M R spectroscopy.
In the field of MAS NMR spectroscopy for the characterization of zeolites and related materials, much work has been done ap- p l F g 27Al and 29Si solid-state MAS NMR spectroscopy.&'2 In principle, Si/Ga ratios of zeolites can be determined from 29Si MAS NMR ~p e c t r a .~~J~ In practice, this method is limited to cases where Si/Ga I 50.13 Another complication is that lattice defects in the form of silanol groups (e.g., nests14) interfere (see also the Discussion). For these reasons, the emphasis in the present paper is very much on gallium NMR, in order to estimate the amounts of framework gallium.
With 27Al MAS NMR of dealuminated H(Al)ZSM5 zeolites, tetrahedrally coordinated (framework) A1 can be distinguished from octahedrally coordinated Al, present as extraframework species. Also pentacoordinated aluminum atoms have been proposed to occur in dealuminated ~eolites.'~ For the physical characterization of solids, application of the 69Ga or 71Ga MAS NMR technique still remains in a relatively early stage of development. Application of 69Ga and 71Ga MAS NMR spectroscopy for the characterization of cesium gallate glasses was described by Zhong and Bray.16 In their work, they showed that different Ga NMR lines are detected for tetrahedrally and octahedrally coordinated gallium atoms in these structures, indicating that Ga NMR may be an effective tool for the characterization of solid materials.
The possibility of 69Ga MAS NMR spectroscopy on zeolitic materials (gallosilicates) was first shown by Ione et al.I7 Other work, applying both 69Ga and 71Ga MAS NMR spectroscopy, was done by Timken et a1.,I8 who showed the importance of high magnetic field strengths in order to minimize the average second-order line broadening, and high MAS frequencies to reduce the chemical shift anisotropy effects on the line widths and to avoid overlap between center bands and spinning sidebands.
In a recent publication by our group, investigations on H-(Ga)ZSM5 mlites showed that water equilibration of the samples prior to the NMR measurements is indispensible for obtaining any 71Ga NMR response of lattice galli~m,'~ comparable to earlier observations with 27Al MAS NMR on H(Al)ZSMS zeolites.20 Moreover, after steaming of the gallosilicates for various times and equilibration of the steamed samples with acetylacetone (acac), the signal originating from tetrahedrally coordinated framework gallium was found to decrease with steaming time and simultaneously a signal appeared in the spectra, attributed to octahedrally coordinated gallium nuclei. The effect of the acac treatment on the visibility of the octahedrally coordinated species is similar to earlier observations with 27Al MAS NMR investigations on dealuminated H(AI)ZSM5 zeolite^.^ Later experiments on a series of gallosilicates with different gallium contents, however, have shown that the framework gallium can be measured relatively easily and reproducibly, but that detection of the octahedrally coordinated gallium is far more difficult and seems to depend very much on synthesis and/or treatment of the samples in a manner yet unknown. In a comparison of the hydrolyses of gallium(II1) and aluminum(II1) solutions, Bradley et al.z' found Bayense et al.
that there must be a deviation in the hydrolytic behavior of these ions. It is thought that the higher polymers formed in the case of gallium are likely to differ in structure, as well as in the kinetics of their formation, from those occurring from aluminum. Apparently, the formation of different extralattice species also takes place in the pores of H(Ga)ZSM5. This extralattice material can in many cases no longer be detected even after equilibration of the samples with acac or water. The samples as published in ref 19 , however, were found to be very stable, as subsequent drying and acac equilibration treatments resulted in the same 71Ga MAS NMR spectra as published, even after a period of more than a year. Because of the difficulties with respect to the detection of the nonframework gallium, in the discussion of the results described in the present paper, only signals originating from tetrahedrally coordinated (framework) gallium have been considered.
To obtain more information about the properties of H(Ga)-ZSMS gallosilicates, our 71Ga MAS NMR investigations were continued. The thermal stability of the materials was measured by recording the 71Ga MAS NMR spectra after calcination at various temperatures. In addition, the thermal stability in the presence of water vapor was investigated.
Moreover, special attention was paid to the quantification of the apparent 71Ga MAS NMR line intensities of the gallasilicates containing various counterions, as until now no systematic investigation was carried out regarding this aspect.
Experimental Section
Catalyst Preparation. Preparation of the gallosilicates was carried out by a method based on the patent of Chen et a1.,22 adding Ga2O3 instead of A12(S04)3.1 8H20 to the synthesis mixture, in the stage of gel formation. Crystallization was carried out during 6 days at 150 OC in a Teflon-lined autoclave. After crystallization, the zeolites were calcined (3 h, 550 "C), 3-fold ion-exchanged (1 h, 90 OC, 2 M NH4N03) and finally calcined for a second time (3 h, 550 "C). The prepared gallosilicates will be referred to as Ga-x, where x represents the number of gallium atoms/unit cell, as determined by atomic absorption spectracopy. To see the influence of lattice defects on the gallium NMR response, one sample was treated for a further 68 h at 500 OC in a flow of water vapor saturated air (20 mL/min, vapor presswe of water about 2 kpa).
M+-exchanged zeolites (M+ = LP, ..., Cs' ) were obtained by 3-fold ion exchange of the zeolite with a 2 M solution of the alkali-metal chloride salts at 90 OC. Steaming of the zeolites was carried out with the NH4+ form of the zeolites in a flow of water saturated air (20 mL/min), containing about 28 kpa of water vapor. Thermogravimetric determinations of the water content of the water equilibrated samples were carried out in a Cahn electrobalance, heating about a 30-mg sample in a stream of helium. The effect of water removal on the detectability of the gallium was investigated by drying the samples for 16 h at 160 "C and transferring the zeolite powder to the spinner in a nitrogen-flushed glovebox.
Further details of the sample pretreatments such as temperature, etc., are mentioned in the Results.
7'Ga MAS NMR Measurements. NMR spectroscopic measurements were carried out on a Bruker AM 600 NMR spectrometer ('IGa NMR frequency 183.0 MHz). Spectra were obtained using a homebuilt single-tuned probe, equipped with a Doty 5-mm doublebearing MAS assembly. Spinning speeds of approximately 8 kHz were employed, and chemical shifts were measured relative to the hexahydrated Ga3+ ion in a gallium nitrate solution.
To obtain quantitatively meaningful determinations of quadrupolar nuclei such as 71Ga, important precautions have to be taken for the measurements, e.g., the use of short and powerful rf p u l~e s .~~,~~ The pulse width used for the present measurements 
31, 355.
Determination of Gallium in H(Ga)ZSM5 Zeolites was 2 ps with an rf field strength of 48 kHz. The pulse repetition time was 0.4 s, and the average TI values for "Ga NMR signals of the present materials are about 0.07 s, as determined by a progressive saturation experiment.
For the quantitative determination of gallium in the zeolites, the areas of the NMR lines obtained from the zeolite samples were compared with the lines measured from a known amount of hexahydrated Ga3+ ions in a Ga(N03)3 solution. This reference solution was measured simultaneously with the solid material, while spinning at 8 kHz. This was done by placing a small Kel-F cup, containing the reference solution in the rotor. The remaining space was filled with zeolite powder. For comparison of the signal intensities obtained from the gallium in the solution and in the solid state, correction terms have to be applied, as in the former case all transitions of the gallium nuclei are excited and measured, while in the latter case only the central transition is measured. Further experimental precautions and theoretical backgrounds of this method for quantitative determinations have been described in the l i t e r a t~r e .~~-~~ An additional correction has to be carried out for the different effects of the spectrometer dead time (8.6 bs) for the relatively sharp NMR line of the gallium in the reference solution (line width ca. 800 Hz) and the relatively broad 'IGa NMR line originating from the gallium in the solid (line width ca. 3300 Hz). For the experimental conditions applied and assuming a single-exponential FID, a (relative) loss of gallium NMR signal intensity for the solid state as compared to the gallium in solution can be deduced of 14.6%, which means that the measured amounts of gallium in the appropriate samples have to be corrected with this percentage. Somewhat larger corrections have been applied for the significantly broader lines, e.g., for the uncalcined samples under the same conditions a correction percentage of 18.1% was applied, due to the larger line width.
The contributions of the spinning sidebands, visible in the spectra obtained with spinning at 8 kHz, have been determined in two ways. First, by integration of the peak areas in the spectra, and second, by carrying out a series of experiments with increased spinning frequencies (8, 10, 12, and 14 kHz), thus virtually eliminating the spinning sidebands.
29Si MAS NMR Measurements. The 29Si MAS NMR were carried out on a Bruker CXP-300 spectrometer (29Si frequency 59.63 MHz), equipped with a standard 7-mm Bruker MAS assembly. Spinning frequencies of approximately 2.5 kHz were employed. For the CP MAS NMR measurements contact times of 10 ms were applied.
The IH N M R ("CRAMPS") measurements were also carried out on a Bruker CXP-300 spectrometer (IH frequency 300.13 MHz), equipped with a standard 4-mm Bruker MAS assembly. A MREV-8 cycle was applied, the 7r/2 puls time was 2.8 ps. We realize that these conditions are not the most suitable for employing CRAMPS measurements. Spinning frequencies of 9 kHz were employed, and a pulse repetition time of 2 s. The samples were dried at 400 OC prior to the measurements and transferred to the spinner in a nitrogen-flushed glovebox. No further precautions were taken to prevent water adsorption on the zeolite during the NMR measurements. However, no changes were observed in the 'H NMR spectra ("CRAMPS") over periods of ca. 15 h.
Results
General Features of the 'IGa NMR Lines. For the uncalcined ZSM5 zeolite with 3.37 gallium atoms/unit cell (Si/Ga = 28) and containing the tetrapropylammonium ion (TPA+), one 71Ga NMR response was obtained at +155 ppm with a line width of about 4.8 kHz (Figure la, Table I ). A peak in this region had earlier been observed in other gallosilicate structures and was IH NMR ("CRAMPS") Measurements. identified as originating from tetrahedrally coordinated framework gallium.lsJ9 Quantitative determination of the peak area shows that this 71Ga line represents about 59 f 2% of the total gallium content (Table I) Table   I show that drying of the zeolite in this form has a negligible effect on the apparent NMR response, in contrast with earlier observations on the (Ga)ZSMS zeolites in the H+ form, where drying caused broadening of the lines beyond detection. After the pretreatments of the zeolites to make them suitable for catalytic uses (calcination, ion exchange with 2 M NH4N03 and a second calcination), a shift in line position occurred (to about +161 ppm, Figure IC ) together with a decrease in line width to about 3.3 kHz. The percentage of gallium represented by this line after calcination and ion exchange is also higher (Table I) , as compared to the uncalcined material. (a) 29Si MAS NMR spectrum of zeolite Ga-3.37; (b) 29Si CPMAS NMR spectrum of zeolite Ga-3.37; (c) IH (CRAMPS) NMR spectrum of zeolite Cia-3.37.
To see the influence of framework defects on the broadening of the line, the zeolite Ga-3.37 was heated at 500 O C in a stream of water-saturated air for another 68 h. For H(Al)ZSMS zeolites, such treatment is known to induce migration of defects from inside the zeolite particles to the outer s~r f a c e .~~-~~ The spectra of the gallosilicates after such treatment showed a reduction of the line width to about 3 kHz, but no significant change in the peak area.
Quantitative Dedermination of Gallium in Zeolites. The results of the quantitative determinations of gallium by 71Ga MAS NMR in H(Ga)ZSMS zeolites containing various amounts of gallium atoms/unit cell are summarized in Table 11 . The water contents of these samples were about 10-12 wt %, determined by thermogravimetric analysis. The table also presents the gallium contents as measured by AAS (bulk amount) and %i MAS NMR (framework gallium). A typical 29Si MAS NMR spectrum is shown in Figure 2a for a sample with a nominal Si/Ga ratio of 30. The corresponding 2%i CP MAS spectrum is shown in Figure   2b . A 'H NMR spectrum ("CRAMPS")27 of the same sample is shown in Figure 2c . Table I1 shows that for zeolites with less than about 3 gallium atoms/unit cell, the apparent 71Ga NMR signal areas are about 70 & 2% of the theoretical values, based on the actual gallium content (AAS). The amounts of gallium that were found by 29Si MAS NMR were significantly higher for all samples than measured by AAS. For zeolites with higher gallium contents, the percentages of gallium that are detectable for 71Ga MAS NMR spectroscopy are much lower, e.g., in sample Ga-6.96 only about 22 & 2% of the total 71Ga NMR response is measured. In favorable cases, the presence of nonframework gallium in zeolites with high gallium contents shows up in the NMR spectrum, as shown for zeolite H(Ga)ZSM5-8.00 in Figure 3 . As the lines in this spectrum, apart from the main peak, are measured in a broad range between 0 and +160 ppm, most of this response is ODetectability of framework gallium 71% in untreated samples; Ga detectability constant during gallium loss.
attributed to gallium nuclei in very distorted framework or nonframework positions.
The contents of the different alkali-metal ions in the ion-exchanged samples ( U S determination, column B), and the water contents of these samples (TGA determination, column C), are presented in Table 111 . This table also shows the theoretical alkali-metal contents, as calculated from the gallium content of the zeolite and assuming an exchange ratio of 1 alkali-metal ion/gallium site (column A). It is clear that in all cases an excess of alkali-metal ions is observed, increasing with the size of the cation. Thermogravimetric analysis on these samples shows no large variations in the water contents of the samples. Table I11 and Figure 4 show further that varying gallium responses are measured in the samples containing different alkali-metal ions (columns D and E), although no variations in line widths are measured. Maximum 71Ga signal intensities are obtained for the largest alkali-metal ions (Rb+, Cs+), while for the H+ and the Na+ form of the zeolite relatively low signal intensities are measured. Generally, the ion effects are reversible, as upon back-exchange of the Li+ and Rb+ samples to the Na+ form, a strongly reduced 71Ga signal intensity is measured again (Table  111 , column F).
The effect of drying of the ion-exchanged zeolite on the 71Ga NMR signal intensity is shown in Figure 5 for the Rb+ form of the zeolite. Similar results have been measured for the Li+ and the Cs+ forms of the zeolite. It is clear that also for the alkalimetal exchanged zeolites, water equilibration is indispensible for making the framework gallium detectable, similar to earlier observations with the H+ form.19 A noteworthy difference, however, is the fact that even in the dry state of the ion-exchanged samples still about 10% of the 71Ga NMR response is left, while in the are presented Table IV. Assuming that the NMR detectability of the gallium for these samples does not change during heat treatment, it is clear that up to temperatures of 600 OC, no loss of framework gallium is observed by the NMR technique. At higher temperatures, the 71Ga NMR signal intensities decrease rapidly and the lines become broader, indicating a loss of framework gallium and probably a partial distortion of the zeolite framework as well. The results of treatment under hydrothermal conditions are also included in Table IV . Under these circumstances, the loss of framework gallium and a possible destruction of the framework were found to start at a lower temperature: at 60O.OC the loss of gallium NMR response is already Substantial. The relative loss of framework gallium as a function of steaming time, observed for three gallium contents at 600 OC, is shown in Figure 6 . This figure clearly shows that the removal of gallium from the framework increases with the gallium content of the material. The remaining content of framework gallium after 12 h of steaming, however, is largely independent of the initial gallium content. AAS determinations have shown that the total amount of gallium does not change during the steam treatment, indicating that the gallium removed from the framework does not sublime from the zeolite but is probably deposited in positions where it is not contributing to the measurable 71Ga NMR signal.
Discussion
General Features of the 'IGa NMR Responses. Application of 7IGa MAS NMR measurements on uncalcined TPA(Ga)ZSMS zeolites shows one relatively broad NMR response (4.8 kHz) at +154 ppm (Figure la, Table I ). This line is assigned to tetrahedrally coordinated framework gallium.I8J9 The amount of water adsorbed in the TPA+ form is very small (Table I) , because the pores are inaccessible to water molecules, but this seems to be of little importance for the gallium detectability, as shown by the fact that even after extensive drying the same spectrum is obtained (Figure lb) . After calcination, ion exchanging with 2 M NH4-NO3, and a second calcination treatment of the raw material, a decrease in line width occurs to about 3.3 kHz ( Figure IC) , and a higher percentage of gallium is measured (Table I ). The line width for this sample is higher as compared to the line width published earlier,30 which can be ascribed to a smaller amount of defects in the previous sample, as confirmed by the effect of an additional heat treatment, as described above. The (isotropic) chemical shift of this line after correction for the quadrupolar effects is 159.2 ppm.
The apparent changes in the spectrum observed after calcination are explained assuming that after this treatment, the electric field gradients, caused by the counterions (TPA+), on part of the gallium nuclei in the framework are replaced by those caused by (hydrated) protons. The latter effect is lower since a clear increase in the total gallium NMR signal intensity is observed. An explanation for this behavior might be a reduction of the (time averaged) electric field gradient on the gallium sites in the framework, caused by the spreading out of the positive charge over a larger complex, like the hydrated H(H20),+ ion (see discussion of mechanism proposed in Figure 7) .
The changes in line widths during the calcination are ascribed to a reordering of the zeolite framework, due to the template removal during the first calcination, resulting in a more symmetrical coordination around most of the framework gallium nuclei, lowering the electric field gradients and the chemical shift dispersion. This effect is more pronounced after prolonged heat treatment in the presence of water vapor (Table I) , as such treatment reduces the amount of lattice defects in the ~e o l i t e ,~~~*~ thus decreasing the chemical shift dispersion and the distribution of quadrupolar interactions. In addition, calcination makes the pores accessible to water molecules.
Earlier experiments by our group30 have revealed that the line width of the tetrahedrally coordinated gallium resonance at 14.1 T is dominated by a chemical shift distribution (approximately 2100 Hz). Measurements of both 69Ga and 71Ga isotopes, combined with field-dependent experiments, allowed the determination of the approximate quadrupolar coupling constant, and its contribution to the line width (approximately 800 Hz). As the line does not show any characteristic quadrupolar features, it may well be that a distribution of field gradients exists. Remarkably, no significant variation of these parameters was found for samples with a gallium content varying from 1.4 to 3.3 gallium atoms/unit cell. The same holds true for a steam-treated sample. The result of these experiments is that the (average) chemical shift of the tetrahedrally coordinated gallium resonance in H(Ga)ZSMS is 162 ppm. As no further lineshape analyses are performed in the present paper, the quoted shifts are simply those given by the spectrometers peak-pick routine.
A comparison of the above-mentioned gallium results to those obtained for A1 in H(A1)ZSMS structures shows that despite of the fact that the gallium line width is much larger than that for Al, this is due to the different NMR properties of the isotopes and does not point to a structural difference between H(Ga)-and H( A1)ZSMS.
Quantitative Determination of Gallium in Zeolites. The quantitative measurements on the H(Ga)ZSMS zeolites, as presented in Table 11 , show that the 71Ga MAS NMR lines, measured after water equilibration of the H+ form of gallosilicates with less than about 3 gallium atoms/unit cell correspond to about 70 f 2% of the theoretical signal intensity to be expected from the total gallium content (AAS determination). In quantitative determinations such as these, important sources of errors can be the spinning sidebands,31332 although spinning frequencies of 8 kHz were employed. This problem arises when the spinning frequency is less than the chemical shift anisotropy and the second-order quadrupolar interactions (in hertz) of the gallium in question. An additional difficulty in these spectra is that the main peak in the spectrum at +161 ppm is asymmetrical, making the spinning sidebands easier to distinguish from the main peak in the low-frequency range than in the high-frequency range. On the basis of variation of the integration boundaries, curve deconvolution, and a series of experiments in which the spinning rate was increased to 14 kHz, the contribution of the spinning sidebands has been determined to be 10-13% of the 71Ga NMR signal intensities. Appropriate corrections were applied.
The gallium contents that were measured by 29Si MAS NMR (Figure 2a) are for all samples higher than the contents determined by AAS (Table 11 ). This can be explained by the fact that the signals of Q3(1Ga) and Q3(10H) moieties coincide to a large extent. Similar interference may occur when residues of amorphous silica in the zeolites are present: the signals caused by such silica species appear in the 29Si MAS NMR spectrum at the same position as the signals of the Q4 framework silica of the zeolite. The silanol nests can be made visible by 29Si CP MAS NMR (Figure 2b ) and by 'H NMR (MAS or "CRAMPS", Figure 2c ), but neither of these can be quantified ea~i1y.I~ On the basis of the 29Si CP MAS NMR spectra, we surmise that the surplus of gallium that is found by 29Si MAS NMR is due to lattice defects; see above. Similar results were observed for the Fuel 1983, 62, 103. other starting materials. The presence of silanol groups is also confirmed by the IH NMR "CRAMPS" spectrum27 of the same sample, as shown in Figure 2c . It is obvious that at least three types of protons are visible. We tentatively assign these signals to silanols (=1.6 ppm), bridging silanols (=3.2 ppm), and acid sites and/or water adsorbed on Lewis acid sites (-5.2 ppm).
The problems inherent in quantitative determinations of lattice gallium by the above-mentioned methods grow substantially after steaming of the samples, as gallium is removed from the lattice with concomitant formation of silanols. The fact that lower gallium NMR signal intensities are measured than expected from the total gallium contents may very well originate from different effects which cannot always be distinguished. One explanation assumes that the detected 71Ga NMR lines originate from gallium on different T sites, possessing electric field gradients of varying magnitudes, resulting in varying 71Ga MAS NMR responses. The above-mentioned variations are also time dependent for each nucleus of this type. Eventually, all 71Ga nuclei on T sites can be made to contribute to the 71Ga NMR signal; see below.
For gallium amounts, exceeding about 3 gallium atoms/unit cell, the lines appearing at about +160 ppm correspond to about 22 f 2% of the theoretical response, based on the total gallium content (Table 11) . Here an explanation different from that just presented might prevail. The lower percentages for these samples could well be due to the fact that an increasing part of the gallium is introduced in the zeolites as nonframework gallium. These gallium species possess large quadrupolar interactions, which make them undetectable by NMR. In some cases, the occurrence of nonframework gallium in zeolites with high gallium contents is visible in the spectra shown in Figure 3 (sample Ga-8.00), where a broad gallium NMR line appears in the spectrum, in addition to the line originating from the framework gallium.
From Table I11 it is clear that upon ion exchange of the zeolite with alkali-metal ions, an increasing excess is introduced in the zeolites with increasing ionic radius, as compared with calculations based on the gallium content and assuming an exchange stoichiometry of 1 alkali-metal ion/gallium ion. This can be explained as follows: in earlier ion-exchange studies on H(Al)ZSM5 zeolites, it was found that the largest alkali-metal ions (Rb+, (3') exchange not only the Bransted acid sites but also the SiOH groups of the framework.33 Such silanol groups are present on the outer surface of the zeolite particles but also on lattice defects within the zeolite framework. Moreover, it is known that these larger ions have weaker interactions with the framework oxygen atoms next to the gallium atoms, so there may exist an excess of the hydrated alkali-metal ions, randomly dispersed in the zeolite pores. The influence of this excess of alkali-metal ions on the (framework) gallium NMR responses cannot be estimated, however. Table I11 also shows that for zeolites exchanged with different alkali-metal ions but containing similar water contents, varying 71Ga MAS NMR responses are measured (Figure 4) . Higher signal intensities are obtained with the zeolite in the Li', Rb', or Cs+ forms. In particular, after introduction of Cs+ in the framework, nearly all gallium is detected with 71Ga MAS NMR. Moreover, this behavior seems largely reversible: upon backexchange of the Li+ and Rb' forms to the Na' form, the apparent 71Ga MAS NMR signals reduce to about 70% (Table 111) . Another remarkable observation in the ion-exchanged samples is the fact that some gallium signal remains even after drying of the samples (Figure 5 ).
From these observations we can conclude that there is gallium in at least two different locations in our samples:
(1) Extraframework gallium, which exists mostly in such a distorted environment that its resonance is too broad to be detected. The results described above indicate that this amount is negligible for the zeolites in the H+ form, containing less than 3.37 gallium atoms/unit cell.
(2) Tetrahedrally surrounded framework gallium can be observed only if the countercharge in the zeolite pores is sufficiently Vol. 96, No. 2, 1992 781 dislocated, Le., in hydrated samples. This is the main signal observed in the spectra. In dried samples this signal is too broad to be detected. This is thought to be due to the large electric field gradient at the gallium site, due to the positive charge located in the vicinity of the Ga04 tetrahedron. In fully hydrated samples, this signal is readily observable and shows no line width variation as a function of counter ion. This probably means that for this gallium the positive charge is dislocated sufficiently so that the electric field gradient at the gallium site is only due to distortions of the local tetrahedral surrounding.
The variations in 71Ga responses observed for zeolites containing different counterions can be explained by assuming that the o b served 71Ga NMR signal is due not to gallium in one well-defined electric field gradient (efg) but rather due to an asscmbly of gallium nuclei experiencing different efg's as a function of time. This is depicted in Figure 7 . The local charge distribution at the gallium site depends on the nature (radius, etc.) and solvation of the alkali-metal ions. When the counterion is located in the vicinjty of the oxygen atom of the framework Ga04 tetrahedron (Figure   7a ), the gallium atom will experience a large electric field gradient, broadening the gallium resonance beyond detection. However, if the counterion is dislocated from the Ga04 site (Figure 7b ) gallium experiences a small efg and is readily observable. The detectability of the gallium is now thought to depend on the average time the counterion resides in both positions and the actual value of the field gradient in both situations. How the latter values precisely influence the response and line shape in this exchange process between visible and invisible gallium is not yet fully understood, but it is expected that the response decreases with an increasing field gradient in the situation with the charge located on the GaO, tetrahedron. From the fact that no line-width variation was observed as a function of the counterion in the fully hydrated state, we already concluded that in this case the efg is due only to distortions of the local tetrahedral surrounding. Thus the gallium response will depend most strongly on the efg the gallium experiences in the disturbed framework site. In accordance with our observations, we expect the field gradient in this state to be smaller for larger counterions, as the charge will be delocalized further from the gallium. Indeed, the gallium response increases with increasing ion radius. This is probably also the reason that a gallium signal remains in the dehydrated samples (i.e., low water loadings) for the samples with large counterions. Lithium forms an exception to the discussed behavior. In the Li+-exchanged zeolite, the alkali-metal ion has very strong interactions with the surrounding water molecules (structuremaking properties of Li+).34 Moreover, there is sufficient space in the zeolite pore for the formation a shell of water molecules around it. This implies that, in the case of a Li+ counterion, the charge is more dislocated from the Ga04 unit, as compared to the larger alkali-metal ions for which the formation of a complete shell of water molecules is not feasible for steric reasons. A model based on similar considerations was earlier proposed by Meinhold et al.?5 who studied the aluminum visibility in H(Al)ZSM5 as a function of the water content of the zeolite.
Tbermpl md Hydrothermpl Stability ofthe crrllosilicates. From Table IV , it can be concluded that the gallasilicates are thermally stable up to temperatures of about 600 OC. At higher temperatures the 71Ga NMR response at +161 ppm decreases rapidly. For this observation, two explanations can be given. First, there might well be a loss of framework gallium and simultaneously a distortion of the zeolite framework. In these stages of gallium loss, however, the latter effect could not be followed by XRD spectroscopy. Also 29Si MAS NMR is not suitable to investigate the structural changes in HZSMS structures, for the reasons mentioned above. Due to the zeolite decomposition, also changes in detectability of the remaining framework gallium might occur, leading to a decrease of 71Ga NMR response. The contribution of this latter effect to the apparent loss of total 71Ga NMR response, however, cannot be distinguished from the actual loss of framework gallium, as no octahedrally coordinated gallium could be detected in the samples, even after extensive acac equilibration. After calcination at 710 OC, very small amounts of gallium remained in the framework.
Under steaming conditions the gallosilicates are less stable against heating than in dry atmosphere. Table IV shows that under steaming conditions the loss of framework gallium is initiated at temperatures of about 550 OC and that at 600 OC the loss is already substantial, especially during the first few hours of hydrothermal treatment. Simultaneously with an actual loss of framework gallium, also in this case changes in detectability of the framework gallium may occur. Moreover, the apparent loss of framework gallium depends on the gallium content of the material, as indicated in Figure 6 . With increasing gallium content, the rate of gallium removal under hydrothermal conditions becomes relatively larger. Also for the determination of this gallium loss, the detectability of the gallium in the samples was assumed not to change during the steam treatment. It is quite remarkable that for zeolites with quite different initial gallium contents, the level reached after about 3-6 h of treatment is about 1.3 gallium atoms/unit cell. This value has been calculated taking into account that about 70% of the gallium is visible in the H+ form of the zeolite (Table 11) , for both the parent and the steamed material. The loss of gallium to a well-defined framework gallium content indicates that varying stabilities of gallium on different T sites in the framework of H(Ga)ZSMS exist. Theoretical calculations on this aspect can probably give more insight in this assumption, but that is beyond the scope of the present work.
Conclusions
The 71Ga MAS NMR measurements described in this paper have provided new information about quantitative aspects of the determination of framework gallium in HZSMS gallosilicates. No direct quantitative information is obtained for octahedrally coordinated gallium or for extraframework material.
Quantitative determination of framework gallium by 29Si MAS NMR was unsuccessful, due to the presence of framework defects (silanol groups). These defects have been detected by 29Si CP MAS N M R and 'H NMR ("CRAMPS"). In the acid form of the zeolite, about 70% of the theoretical signal intensity is measured as a "Ga NMR line, assigned to tetrahedrally coordinated gallium. In the presence of Li+, Rb+, and Cs+ ions, these NMR signals represent about 100% of the gallium.
We propose distributions of lattice gallium over different lattice positions (within a given sample), experiencing different, timedependent electric field gradients, depending, e.g., on the nature of the counterions. Clearcut distinctions between the several contributing factors are not possible in all cases.
The H(Ga)ZSMS zeolites were found to be thermally stable up to temperatures of 600 OC. In the presence of steam, the loss of framework gallium starts at 550 OC, and the rate of disappearance depends on the gallium content of the zeolite.
